 Phylogenetic relationships among hadal Lysianassoidea amphipods, based on mitochondrial 9
Introduction 33
The hadal zone is the deepest part of the ocean, extending from 6000m to c. 11000m. It is 34 comprised of 37 trench systems, primarily located around the Pacific Rim, that are formed at 35 tectonic subduction zones (Jamieson et al., 2010) . Despite representing less than 2% of the marine 36 benthic habitat, bathymetrically the hadal zone accounts for the deepest 45% and yet the trenches 37 remain some of the most poorly explored and least understood marine ecosystems on Earth 38 Jamieson, 2015) . The hadal zone differs from the littoral, bathyal and 39 abyssal zones in that it is formed from a disjunct cluster of habitats rather than a spatio-bathymetric 40 continuum. Most trenches lack adjoining corridors of sufficient depth to provide any connection, and 41 thus are analogous with both high altitude mountain ecosystems, albeit inverted, and hydrothermal 42 vent systems which are linear spans of distinctive habitat with large intervening abyssal plains. 43
44
This level of geographic isolation, coupled with potent selection pressures that promote local 45 adaptation, has meant that hadal trenches have traditionally been considered centres of high 46 species endemism (Beliaev, 1989; Wolff, 1970 Wolff, , 1960 . Such a perception, however, is difficult toreconcile with the ubiquity of some key cosmopolitan taxa that are found across the abyssal plainsA total of 24 different putative species were identified with high confidence using morphological 193 characters, with 90 individuals being sampled from eight trenches. Across the gene amplicons, a 194 total of 260 unambiguous base pairs (bp) were resolved for the 16S rRNA gene, 624bp for COI, 195 742bp for the 5' end of the 18S rRNA gene, and 727bp at the 3' end (combined amplicon length was 196 2353bp). Not all individuals were sequenced across all genes given some species yielded DNA of 197 poor quality which precluded the amplification of large amplicons, or hampered sequencing across 198 stretches of high GC-content and repetitive areas. GenBank accession numbers are provided in Table  199 1. 200
Subsequently we present both topologies based upon a concatenated data set (total 1626bp A coalescent Bayesian tree of 18 key species, based on a concatenated dataset is given in Figure 1 . 207
The phylogeny shows the superfamily Lysianassoidea to be monophyletic however this is not the 208 case when the phylogeny is based solely on the 16S locus (Supplementary Figure 5) . In the 16S 209 phylogeny, to be monophyletic Bathycallisoma (Scopelocheirus) schellenbergi would need to be 210 evolutionarily closer to the rest of the Lysianassoidea superfamily than Lanceola sp. which is 211 considered part of a different superfamily (the Lanceolidae). The evolutionary distance between 212
Bathycallisoma (Scopelocheirus) schellenbergi and the remainder of the Lysianassoidea at the 16S 213 locus is sufficiently large that it affects the overall resolution of the phylogeny causing instability in 214 the internal topology where the overall phylogeny is altered and, as such, BathycallisomaNotwithstanding there is still a level of distinction between Bathycallisoma (Scopelocheirus) 217 schellenbergi and Bathycallisoma schellenbergi that resolves them as two distinct species (Figure 1) . 218
The relative relationships of the species show variance between the concatenated dataset and the 219 16S gene tree. Given the species coverage in the concatenated dataset incongruence is shown at the 220 family and genus level. 221
The Alicellidae family supposedly consists of the genera Alicella, Paralicella and Tectovalopsis (Lowry 222 and Broyer, 2008). Whilst each genus does form a monophyletic clade there are several 223 discrepancies between the concatenated phylogeny and the 16S gene tree. In the 16S phylogeny 224
Alicella is a sister taxa to Tectovalopsis but in the concatenated dataset Cyclocaris is the sister taxa to 225
Tectovalopsis. Both datasets suggest that Alicella, Tectovalopsis and Cyclocaris form a distinct clade. 226
Also, in the 16S phylogeny Paralicella is monophyletic and a sister taxa to the Hirondelleidae but in 227 the concatenated dataset forms a clade with Valettietta which is part of the Valettiopsidae family. 228
Neither phylogeny suggests that Alicella, Paralicella or Tectovalopsis form a distinct monophyletic 229 family therefore the Alicellidae is not monophyletic. 230
Another point of contention between the 16S phylogeny and the concatenated dataset is the 231 relative placement of the Eurytheneidae family. Figure 1 shows Eurythenes and Bathycallisoma to be 232 sister genera but this is not the case in Figure 2 where Bathycallisoma is shown to be ancestral to a 233 polyphyletic Eurythenes. Eurythenes being placed sister to Bathycallisoma in the concatenated 234 dataset is more statistically supported than its placement in the 16S phylogeny but this still disagrees 235 with the findings of Corrigan et al. (2014) that suggests that Eurythenes is sister to a group 236 containing Paralicella and Stephonyx, and as such is more closely related to Paralicella than 237
Cyclocaris. Our concatenated phylogeny suggests that Paralicella is more evolutionary close to 238
Cyclocaris than to Eurythenes.
For the Abyssorchomene genus there is congruence between our 16S and concatenated datasets, 240 which are also consistent with the phylogeny constructed by Corrigan et al. (2014) . Abyssorchomene 241
and Orchomenella are currently classified as separate genera belonging to different families 242 (Uristidae and Lysianassidae, respectively). However, they have been shown not to form reciprocally 243 monophyletic clades with Orchomenella being situated within the Abyssorchomene clade in every 244
instance. The relative placement of this clade in relation to the rest of the Lysianassoidea is also 245 uncertain. Both our concatenated phylogeny and that in Corrigan et al. (2014) shows the 246
Abyssorchomene to be the most ancestral clade of the Lysianassoidea which is not shown in our 16S 247 phylogeny -although this placement in the 16S is poorly supported. Several putative species were also shown not to be monophyletic groupings. Figure 3a Hirondellea dubia. The phylogeny shows that the morphological characteristics used to distinguishbetween P. tenuipes and P. caperesca are not sufficiently robust to ensure consistent and accurate 265 identification. This is further highlighted by a species-delimitation analysis which suggests the 266 phylogeny may actually represent up to four species. The concatenated dataset for Paralicella spp. 267 (comprising 13 unique sequences each consisting of 257 variable positions of which 203 were 268 parsimony-informative) was also used to construct a haplotype network (Supplementary Figure 6 ) 269 which also showed the same pattern of groupings as the species-delimitation analysis. 270
The relationship between Abyssorchomene spp. and Orchomenella gerulicorbis based on a 271 mitochondrial concatenated phylogeny is shown in Figure 3b Figures 1-4) . 278
Four amphipod individuals were collected from the Izu-Bonin trench labelled Unidentified Amphipod 279 1-4 (Figure 2 ) that had morphological characteristics similar to the Tryphosella genus but they also 280 exhibited characteristics not previously associated with Tryphosella and, as such, the specimens 281 could not be positively identified to any previously described Tryphosella species with a high degree 282 of confidence. Futhermore, Tryphosella is noted as being a genus into which many species have been 283 placed due to a lack of affinity with other genera, so it is difficult to ascertain what species are truly 284
Tryphosella (Lowry and Stoddart, 2011) . It has been hypothesised that they perhaps represent two 285 novel species within a novel genus (N.M. Kilgallen, pers. comm.). The DNA sequence data however, 286 is difficult to reconcile with this contention (Figure 2 ). The four individuals do form two distinct 287 groups though these do not correspond to the two supposed species separated based on 288 morphological differences. Moreover, one of these groups is indeed a sister group to Tryphosella 289 (Unidentified amphipod 1 and 2) but the other is completely distinct with an evolutionary separation 290 at a level similar to differences between families (Unidentified amphipod 3 and 4). shows the same pattern of grouping as the species delimitation analyses (Supplementary Figure 7) . 315
Discussion 316

Recommendations for taxonomic revision 317
The salient finding of this study is a discordance between morphological-based classification and 318 molecular-based phylogeny in the lysianassoid amphipods. This is apparent at the level of the family, 319 genus and species. Higher level taxonomic classifications in amphipods have traditionally been more 320 unstable than their lower level equivalents (Bousfield and Shih, 1994) which have also highlighted a discordance between morphological taxonomy and phylogenetics 323 data. Our analysis also revealed some plasticity among different gene trees resolved from nuclear 324 and mitochondrial data. Combined, this highlights some of the difficulties associated with producing 325 a definitive phylogeny for deep-sea amphipods, and argues that any attempt requires a considerable 326 body of molecular data from across multiple loci, proper knowledge of the extent of phenotypic 327 plasticity in morphological traits and descriptions of samples that have not been damaged during 328 sampling. 329
A consistent feature across individual gene trees and the concatenated data sets was that key 330 taxonomic groups failed to form reciprocally monophyletic clades. This indicates several issues 331 associated with classification that require consideration and revision which are described below and 332 summarised in Table 3 . 333
The Scopelocheiridae is the potentially most problematic family as it does not form a monophyletic 334 group with the Lysianassoidea superfamily at the 16S locus but does in a concatenated dataset. In 335 the 16S geneology Bathycallisoma (Scopelocheirus) schellenbergi is shown to be more ancestral tothe Lysianassoidea than Lanceola sp. which forms part of a different superfamily (Lanceolidae). 337
Whether this is their true evolutionary relationship or a consequence of incomplete lineage sorting is 338 difficult to ascertain. Moreover, the ability to accurately determine the true evolutionary history of 339 the Scopelocheiridae is also difficult to confirm given that the overall divergence between 340
Bathycallisoma schellenbergi and Bathycallisoma (Scopelocheirus) schellenbergi is largely driven by 341 the diversity at the 16S locus. It is noteworthy that Scopelocheirus schellenbergi has previously been 342 suggested to be synonymous with Bathycallisoma schellenbergi based upon morphological similarity 343 (Barnard, 1964; Dahl, 1979 ) and this has recently been revised by Kilgallen and Lowry (2015) 344 whereby Scopelocheirus has been collapsed into Bathycallisoma. This revision cannot be reconciled 345 with our phylogeny given that Bathycallisoma and Bathycallisoma (Scopelocheirus) form two very 346 distinct groupings, the former within the main Lysianassoidea grouping whereas the latter is further 347 removed at the 16S locus, and in the total concatenated phylogeny they still have an evolutionary 348 distance between them that separates them to species level. Interestingly, Dahl (1959) to Paralicella, and Cyclocaris is sister to Tectovalopsis in the concatenated dataset, and Paralicella is 358 sister to Hirondellea in the 16S dataset. Taxonomic revision should aim to correctly delimit genera in 359 the Alicellidae. This will require more molecular data since the most robust phylogeny can be 360 difficult to ascertain given the instability of internal topologies and poor node support. Discordance 361 at higher taxonomic levels can be attributed to short internal branches united with proportionallylong terminal branches which is often indicative of taxa which have undergone ancient rapid 363 speciation (Donoghue and Sanderson, 1992; Macdonald III et al., 2005) . This is consistent with the 364 findings of Corrigan et al. (2014) that show that amphipods from the Atlantic abyssal plain 365 underwent an adaptive radiation during the Eocene-Oligocene transition when deep sea habitat 366 formed and provided new ecological niches and the opportunity for adaptive radiation. 367
The genus Paralicella itself also requires taxonomic scrutiny at the species level. Currently Paralicella 368 has six described species with P. tenuipes and P. caperesca being the most commonly recovered 369 from abyssal and hadal depths. The descriptions of P. tenuipes and P. caperesca have been debated 370 with concerns raised over the morphological characteristics used to differentiation them and 371 whether they actually reflect morphological plasticity associated with instar developmental stages 372 (Barnard and Shulenberger, 1976 ). Here we demonstrate that the current taxonomic descriptions 373 are insufficient to consistently identify species. The phylogeny also suggests that there are more 374 species than previously appreciated with the species delimitation analysis of the 16S locus 375 indicating there may be up to four separate species. 376
Within the phylogeny, Orchomenella and Abyssorchomene are shown to form a distinct but mixed 377
clade. This has been shown previously using specimens of different species within these genera, 378 from different geographical locations at bathyal and abyssal depths (Corrigan et Abyssorchormene are often difficult to taxonomically identify using morphological characteristics so 384 this complex would benefit from the addition of molecular data for identification purposes. 
New Hebrides New Hebrides 2500m 2500m
New Hebrides New Hebrides 4100m 4100m 
New Hebrides New Hebrides Peru-Chile Peru-Chile 3400m 3400m 4602m 4602m
New Hebrides New Hebrides Mariana Mariana 2080m 2080m 5467m 5467m Circle size is proportional to the number of samples within a given haplotype and lines between haplotypes 545 represent mutational steps within alleles. 546
